Transparent electronics has attracted much attention and been widely studied for next-generation highperformance flat-panel display application in the past few years, because of its excellent electrical properties. In display application, thin film transistors (TFTs) play an important role as the basic units by controlling the pixels. Among them, oxide-based TFTs have become promising candidates and gradually replaced the conventional amorphous and polycrystalline silicon TFTs, due to high mobility, good transparency, excellent uniformity and low processing temperature. Even though n-type oxide TFTs have shown high device performance and been used in commercial display application, p-type oxide TFTs with the equal performance have been rarely reported. Hence, in this paper, recent progress and challenges in p-type oxide-based TFTs are reviewed. After a short introduction, the TFT device structure and operation are presented. Then, recent developments in p-type oxide TFTs are discussed in detail, with the emphasis on the potential p-type oxide candidates as copper oxide, tin oxide and nickel oxide. Moreover, miscellaneous applications of p-type oxide TFTs are also presented. Despite this, the performance of p-type oxide TFTs still lags behind, as compared with that of n-type counterparts. Thus, the current issues and challenges of p-type oxide TFTs are briefly discussed.
Introduction
Transparent oxide semiconductors have great potential applications, such as solar cells, solid-state sensors, flatpanel displays, smart windows, electrochromics, transparent flexible electronic devices [1] [2] [3] . By using highperformance transparent oxide semiconductors, transparent displays with higher pixel density (higher resolution) and higher refresh frequencies can be realized [1, 2] . In addition, energy-efficient displays can be constructed by using transparent oxide semiconductors, which enables a person to look right through the panel like glass, and it also consumes 90% less electricity due to the removal of backlight [2] . Therefore, oxide electronics is a promising alternative to amorphous silicon and organic semiconductors to build more reliable thin film transistors (TFTs) and more complex electronic circuits, addressing the challenges of ultra-high resolution, ultra-large size, low cost and environmentally friendly electronics.
However, the current use of transparent oxide semiconductors is mostly limited to unipolar devices (based on n-type semiconductors). Many of the potential transparent electronic applications are limited by the lack of the availability of high-performance p-type oxide semiconductors. For example, complementary metal oxide semiconductor (CMOS), a key component in analog and digital electronic systems thanks to its low power consumption, cannot be realized due to the lack of p-type oxide transistor that with a performance similar to n-type because of low hole mobility. As a result, transparent devices and circuits with higher energy efficiency and more complex structures cannot be manufactured.
For a long time, domestic and foreign academia and industry have been committed to discovering p-type semiconducting oxides to fabricating high-performance p-type oxide TFTs. One option is organic p-type TFTs, but most devices show poor stability and low mobility (< 2 cm 2 V −1 s −1 ) [3] . An alternative to this is the inorganic p-type oxide TFTs, which have already attracted widespread attention. So far, a lot of progress has been made in p-type metal-oxide TFTs. Much attention has been given to copper oxide and tin oxide as potential p-type oxides. The simple binary oxide based on nickel oxide has also been studied as a promising p-type oxide. If high-performance p-type oxide TFTs can be realized through these efforts, it would usher in an era of transparent electronics that could affect many facets of our daily lives. This paper reviews the recent progress and challenges in p-type oxide-based TFTs and it is organized in six sections, including the current introduction section numbered section 1. The TFT device structure and operation are discussed in section 2. Recent progress of p-type oxide TFTs are presented in section 3. Later on, miscellaneous applications of p-type oxide TFTs are given in section 4, while current issues and challenges of p-type oxide TFTs are presented in section 5. Finally, necessary conclusions are summarized in section 6.
TFT device structures and operation 2.1 TFT device structures
TFTs are three-terminal field-effect devices, whose working principle is quite similar to other field-effect devices in terms of operation and composing layers, such as the well-known MOSFETs. The three terminals are respectively named source, drain and gate. When a voltage is applied on the gate electrode of a MOSFET, carriers are injected near the dielectric/semiconductor interface, forming a parallel-plate capacitor structure along with the gate dielectric and semiconductor. Then the current between two electrodes (source and drain) is controlled by modulating the semiconductor channel, called as field-effect. Different from the MOSFETs, there is no p-n junction in the source and drain regions of TFTs, and the modulation is achieved by an accumulation layer, while in MOS-FETs an inversion region has to be formed close to the dielectric/semiconductor interface. In addition, the substrate materials and manufacturing temperatures of these two devices are also quite different [1, 2, 4 ].
Top-gate and bottom-gate structures
The typical structures of TFTs can be divided into top-gate (TG) and bottom-gate (BG) types, depending on the position of the gate electrode (on the top or bottom of the structure). For each type, it can be further subdivided into coplanar (C) and staggered (S) types according to the relative locations of the three electrodes to the semiconductor layer. For the C-TG and C-BG TFT structures, the semiconductor/dielectric interface directly contacts the source and drain, indicating that the current flows horizontally in a single plane. In contrast, for the S-TG and S-BG structures, the source and drain contact the opposite side of the semiconductor/dielectric interface, indicating that the current flows in two planes: first vertically to the channel then horizontally from source to drain [4, 5] . The schematics of these structures are shown in Figure 1 . Each structure has advantages and disadvantages, depending on the manufacturing material and the working conditions of the TFT devices. For TG structures, there is no overlap between the gate and the source/drain electrode, and consequently, it does not create a signal delay from the parasitic capacitance [4] [5] [6] . Meanwhile, the TG structure is preferred not only when a semiconductor material requires high processing temperatures that may damage the previously deposited layers, but also when a semiconductor with a high-quality crystal structure is desired or the semiconductor is a flat and continuous film without any layers beneath it. In addition, in this structure the top gate insulator and electrode may act as a passivation layer, which protects the semiconductor layer from external damage, also saving cost and reducing process steps. However, this structure is not suitable for liquid crystal display (LCD) application, because light from the backlight unit reaches the semiconductors without being shielded by the metal gate electrode, the stability of oxide semiconductor for light illumination should be strengthened. For BG structures, they are widely used for the fabrication of TFTs, mostly due to the simple fabrication process and en- hanced electrical properties. It can also block the backlight by the metal gate electrodes on TFTs. It is worth noting that the semiconductor layer in this structure is directly exposed to air, which can be a simple way to modify its properties, but can also lead to instability effects. In addition, the back channel surfaces can suffer damage from subsequent source/drain patterning or back channel etch processes [5, 6] . In order to overcome these problems, the back channel etched (BCE) structure or the etch stopper (ES) structure are applied to the TFTs [7, 8] .
Improved structures
To improve the characteristics of TFT devices, some improved structures of TFT devices have been reported, as shown in Figure 2 . For most TFTs, the channel length is determined by photolithographic patterning step rather than the thickness of a device layer. It is difficult to satisfy the recent demand for small device footprint and nanoscaled channel lengths [9, 10] . However, it is imperative to reduce the driving voltage without compromising the output driving capability that can be achieved by reducing the channel length [11] . To fill this gap, the vertical TFT (V-TFT) was developed and it demonstrated good potential for fabricating smaller length devices. In V-TFT structure, the channel is formed on a multi-layer stack of sourcedielectric-drain. To improve the electrical characteristics, double-gate TFT (DG-TFT) structures can be employed. In DG-TFT structure, an additional gate can effectively control a larger portion of the semiconductor channel. There-fore, the dual gate device performs better than the single gate mainly in terms of mobility, on/off current ratio and sub-threshold swing [12, 13] . Also, DG-TFTs have been reported to exhibit excellent device stability [14] . Besides, the buried-layer TFT (BL-TFT) structure with a highly doped additional active layer buried at the interface between the active channel layer and the dielectric has been reported with the stability and the mobility improvements, since the suggested instability mechanism is the oxygen adsorption and carrier trapping/detrapping on the back interface and the gate-interface between channel layer and gate-insulator [15] . Recently, the cylindrical gate TFT (CG-TFT) structure has been reported and it has the potential to be applied to smart textiles (wearable electronics for example) due to the unique combination of electrical and mechanical properties. In addition, the cylindrical structure is designed to reduce size to achieve higher packing density [16] [17] [18] [19] . The CG-TFT used a metal core of yarn as the gate electrode, then casing it with a thin insulating layer. The semiconductor layer was later deposited and sourcedrain contacts were formed finally.
TFT device operation
The most important static characteristics of p-type TFTs can be extracted from their output and transfer characteristics, as shown in Figure 3 . The output characteristics of ptype TFTs can be divided into two main operating regions according to the value of the drain-source voltage (V DS ), namely, linear region and saturation region.
In the linear region, the V DS value is small, and the channel resistance is basically controlled by the gatesource voltage (V GS ), the accumulated charges are uniformly distributed throughout the channel. The field effect between drain and source is equivalent to a variable resistor controlled by the V GS , with a linear increment in the current with respect to V DS [20, 21] . The drain-source current (I DS ) can be described as:
where µ FE is the field-effect mobility, Cox is the gate dielectric capacitance per unit area, and W and L are the channel width and length.
In the saturation region, the V DS is higher than the V GS , when V GS is constant, the I DS hardly changes with the V DS and presents constant current characteristic. Near the drain electrode, a lack of channel region results from the depletion of the charges in the accumulation layer near this electrode, and is defined as the pinch-off [22, 23] . The 
where µ sat is the saturation mobility. The performances of the TFT device can be judged by the transfer and output characteristics. However, this method is inefficient. Thus, we evaluated the device characteristics by defining some important parameters, including on/off current ratio, threshold voltage, turn-on voltage, sub-threshold swing and mobility, which can be extracted from the transfer characteristic. These important parameters of the TFTs are introduced below.
(i) On/off current ratio. The on/off current ratio (I ON /I OFF ) is usually defined as the ratio of the maximum I DS to the minimum I DS (typically in saturation region) [24] , which can be extracted from the transfer characteristic curve. Normally, this value is greater than 10 6 or more for digital circuits [25] , but the value of 10 4 is sufficient for analog circuits [26] . (ii) Threshold voltage. Threshold voltage (V TH ) is the value of V GS when the accumulation layer or conductive channel formed near the dielectric layer/active layer interface in TFTs. In p-type TFTs, if V TH is negative/positive, the devices are designated to operate in enhancement/depletion mode. Both enhanced and depleted devices can be used in the circuit, but the enhancement-mode is preferred because there is no need for additional V GS to turn off the transistor, which simplifies circuit design and reduces power consumption. There are several methods used to extract V TH , such as linear extrapolation of the I DS -V GS plot (linear region) or of the I 1/2 DS -V G plot (saturation region), V GS corresponding to a specific I DS [27] . The most employed methodology is the second method, which defines the intersection point between the re-verse extension line of the linear region in the I 1/2 DS -V G curve as the V TH . It is noted that even if you choose one method to define V TH , V TH also has a large ambiguity.
(iii) Turn-on voltage. Turn-on voltage (V ON ) is simply defined as the V GS for the onset of drain current conduction, simply corresponding to the V GS at which the I DS starts to increase as seen in a log I DS -V GS plot or the V GS at which the TFT is turned off completely. (iv) Sub-threshold swing. The sub-threshold swing (SS)
is an important parameter that indicates the switching efficiency of a transistor. The SS is directly related to the quality of the dielectric/semiconductor interface [24, 28] , and defined as the inverse of the maximum slope of the transfer characteristic and reflected by the V GS needed to increase the I DS by one decade in the sub-threshold region. The lower the SS value is, the faster the operation speed is and the lower the power consumption is. The SS value can be given by:
The characteristics of TFTs are well known to be strongly influenced by the interface trap states at the dielectric/semiconductor interface because the field-induced carriers are confined in a very thin region close to the interface. The interface defects can produce trapping or scattering effects, leading to SS degradation. Therefore, the interface trap density (D it ) can be evaluated according to the SS equation by:
where k is the Boltzmann constant, T is the absolute temperature, q is the charge quantity of an electron. (v) Mobility. Mobility is a parameter related to the efficiency of carrier transport in the material, which directly affects the maximum I DS and the operating frequency of devices [29] . Mobility is affected by several scattering mechanisms, including lattice vibrations, ionized impurities, grain boundaries, interface surface roughness, lattice strain and other structural defects, velocity saturation, and electron trapping [30] . As a result, the channel mobility may not be constant and can vary with V DS and V GS . In a real TFT, mobility varied with voltage requires the definition of several types: effective mobility, field-effect mobility and saturation mobility. Effective mobility (µ e ) can be obtained by the output conductance (g d ) in the linear region (at low V DS ) according to the equation:
Field-effect mobility (µ FE ) can be obtained by the transconductance (gm) in the linear region (at low V DS ) according to the equation:
Saturation mobility (µ sat ) can be obtained using the transconductance in the saturation region (at high V DS ) according to the equation:
It is noted that the µ e requires V TH to be determined, and the L used to calculate µ sat is larger than the actual length due to µ sat describing a situation where the channel is pinched off. Therefore, the µ FE is the most widely used parameter to evaluate the performance of the TFTs because of its simple calculation.
Recent progress of p-type oxide TFTs

Historical perspective
With the great success of n-type oxide semiconductor and its application in oxide-based TFTs, researchers are eager to fabricate p-type oxide TFTs with performances similar to their n-type counterparts, so that more energy-efficient and more complex transparent devices and circuits can be fabricated, such as CMOS, a key component in analog and digital electronic systems. The main difficulty in achieving p-type oxide TFTs is the low hole mobility due to the unique electronic configuration of oxide materials. The majority of metal oxide semiconductors are characterized by the conduction band minimum (CBM) with spatially spread metal orbitals (s) and the valence band maximum (VBM) with rather localized oxygen orbitals (2p). Thus, the mobility of valence band derived carriers is generally lower than that of conduction band derived carriers, namely, high electron mobility and low hole mobility. Even when a certain concentration of holes is available, the VBM consists mainly of anisotropic and localized oxygen 2p orbitals, resulting in a large hole effective mass and low mobility due to hopping conduction [31] [32] [33] [34] . Therefore, in order to obtain high-performance p-type oxide TFTs, the best strategy is to find a material in which the VBM is formed by hybridized orbitals of O 2p and appropriate orbitals of neighboring metal cations [32, 35] . According to this principle, a series of p-type oxide semiconductors was discovered through the use of hybridized orbitals between O 2p and Cu 3d, namely CuAO 2 (A=B, Al, Ga and In), SrCu 2 O 2 , and LaCuOCh (Ch=S and Se). Similar electronic structures were also found in Cu 2 O and Ag 2 O [32, 36, 37] . However, except for Cu 2 O, other materials exhibit either very low mobility or very high hole density, suggesting that they are not suitable for TFTs [38] . Cu 2 O also has an electronic structure, in which the VBM is composed of O 2p and Cu 3d hybridized orbitals, and its hole density can be well controlled [35, 39] . Thus, Cu 2 O has become a promising p-type oxide semiconductor with high mobility, and the first p-type Cu 2 O TFT was demonstrated by Matsuzaki et al. in 2008 [40] . An alternative approach to attain high-performance p-type oxides TFTs is to find an oxide in which the VBM is made of spatially spread s orbitals. Such electronic structures were found in oxides of heavy metal cations, such as PbO, Bi 2 O 3 and SnO. Among them, it has been reported that PbO is n-type semiconductor, while Bi 2 O 3 is p-type semiconductor with low mobility [41, 42] . In particular, SnOx has a unique electronic structure, in which the VBM is formed by hybridized orbitals of localized oxygen (2p) and spatially spread Sn metal (5s) [35] . The first p-type SnO TFT was introduced by Ogo et al. in 2008 [43] . In addition, NiO has a structure that the VBM is formed by hybridized orbitals of localized oxygen (2p) and partially filled metal d orbitals [44] [45] [46] , and the spontaneously formed Ni vacancies resulted in the stable p-type character of NiO [47] . Therefore, the simple binary oxide based on NiO has also been utilized to realize p-type oxide TFTs.
Furthermore, the growth of the potential p-type oxide materials is always of the great importance for the fabrication of p-type oxide TFTs. Since different thin film growth techniques have different advantages in processing materials, we must choose the appropriate technique according to different materials and applications. Reactive magnetron sputtering is very advantageous to control the stoichiometry of the deposited film, oxygen content for example, and the power source of sputtering target can be direct current or radio frequency for conductive target and insulated target, respectively. Atomic layer deposition is commonly used to accurately control the film thickness and composition, thus suitable for growing uniform and high-quality films in large-area electronics. Thermal oxidation is a conventional approach for preparing highquality oxides because of its simplicity and low cost. The solution-based fabrication provides a simpler and more cost-effective route with very high throughput.
In the following subsections, the discussion will focus on recent research progress of the emergent and promising p-type oxide TFTs based on copper oxide, tin oxide and nickel oxide with different film growth techniques.
Copper oxide TFTs
In 2008, the first p-type Cu 2 O TFTs were reported by Matsuzaki et al. [40] , which were grown by pulsed laser deposition (PLD) at 700 ∘ C on MgO substrates. It is a coplanar top-gate TFT with a 150-nm-thick amorphous Al 2 Ox gate insulator deposited by PLD at room temperature (RT) with P O2 = 1×10 −3 Pa. The Au source/drain/gate electrodes were formed by e-beam evaporation. The TFT exhibited a high Hall mobility (90 cm 2 V −1 s −1 ), but the µ FE was low at 0.26 cm 2 V −1 s −1 and the Ion/I o was just 6 which was not enough for practical circuits. The main reason for the low µ FE was the subgap traps formed by the extra defects, which were mainly oxygen vacancies or secondary CuO phase. The characteristics of this TFT are presented in Fig In order to improve the performance of Cu 2 O-based TFTs, in 2010 Zou et al. used the top-gate configuration together with a very thin layer (20 nm) of high-κ HfON as a gate dielectric [50] . As compared to the conventional SiO 2 gate dielectric, high-κ material with high dielectric constant such as Al 2 O 3 , Ta 2 O 5 , and HfO 2 has been often employed as the gate dielectric, since it can effectively improve the device performance due to the high gate capacitance density. The films were grown on SiO 2 /Si substrate [52] . Figure 5 shows the output and transfer characteristics of the first flexible p-type Cu 2 O TFT with the schematic structure in the inset. The TFT device showed a high µ FE of 2.4 cm 2 V −1 s −1 and an Ion/I o of 4×10 4 . The device consists of nano-crystalline Cu 2 O films as the active channel, a high-κ AlN as the gate dielectric, and ITO films as the electrodes on PET substrates at RT. The superior transfer performance suggested the good potential for applications in high-throughput and low-cost electronics.
Thermal oxidation is one of the conventional methods for preparing high-quality oxides because of its simplicity and low cost [53] . In 2013, Kim et al. presented the potential of using the solution process to fabricate p-type Cu 2 O TFT for the first time [54] . The Cu 2 O thin films were grown by sol-gel spin coating (SC) and annealed at 400 ∘ C in N 2 atmosphere for 30 min then at 700 ∘ C for 30 min in O 2 atmosphere to improve surface uniformity. A staggered bottom-gate TFT was fabricated on Si substrate with SiO 2 as the dielectric layer, and Ni/Au was chosen as the source and drain electrodes. The p-type operation with a µ FE of~0.16 cm 2 V −1 s −1 and an Ion/I o of~1×10 2 was obtained, paving the way for the development of solution-based p-type TFTs.
In 2014, Chen et al. reported a p-type CuO TFT fabricated by dc reactive sputtering (DCMS) of copper at RT instead of PLD and RFMS [55] , which may be applied to largescale production with low cost. The TFT device used the bottom-gate configuration together with a very thin layer (60 nm) of HfO 2 as the gate dielectric. The post-annealed CuO TFT with the oxygen partial pressure (Opp) of 30% exhibited p-type characteristics with a µ FE of~5×10 −3 cm −2 V −1 s −1 and an Ion/I o of~10 2 . An alternative deposition method of the active channel layer is atomic layer deposition (ALD), which provides accurate control of the film thickness and composition, thus suitable for growing uniform and high-quality films in large-area electronics. In 2015, Maeng et al. reported the TFT device incorporating the ALD-grown CuOx semiconductor [56] , attained an unusually high-performance p-type device with a µ FE of~5.6 cm 2 V −1 s −1 and a high Ion/I o of~1.8×10 5 after annealing at 300 ∘ C. The p-type CuOx films were grown by ALD at a relatively low temperature of 100 ∘ C. The transfer characteristics of the CuOx TFTs with various annealing temperatures were shown in Figure 6 . The high performance after annealing at 300 ∘ C could be attributed to the optimized distribution of CuO and Cu 2 O phases in the film and the preservation of an amorphous microstructure.
Also in 2015, Liu et al. fabricated Cu-based oxide TFTs at low-temperature by a solution-processed method with a mobility of~0.78 cm 2 V −1 s −1 and an Ion/I o of~10 5 [57] . It is worth noting that the novel ScOx dielectric thin films were prepared by water-inducement route for the first time. Due to the organic-free water inducement precursor solution, it can effectively reduce the formation of volatile gases, which may generate nanopores in the resultant dielectric films and become an obstacle for highperformance electronic devices.
In 2017, Liu et al. further reported a simple one-step synthetic method to fabricate a p-type CuxO thin film via in-situ reaction of a CuI film in aqueous NaOH solution at RT [58] . Figure 7 shows the fabrication process of the solution-processed CuxO TFTs. A bottom-gated TFT with an Al 2 O 3 high-κ dielectric was constructed and examined. The hole mobility of the optimized device was calculated to be 0.32 cm 2 V −1 s −1 , along with an Ion/I o of 5(10 4 and a SS of 1.1 V/decade. It is referred that the large area capacitance of Al 2 O 3 gate dielectric leads to the increase of hole mobility and the decrease of operating voltage. This study demonstrated a simple and efficient route to fabricate highquality p-type CuxO thin films.
It's worth noting that in 2018 Jung et al. explored the effects of hypochlorous acid (HClO) oxidation on p-type oxide semiconductors [59] . With the treatment of HClObased oxidation, oxygen radicals changed the film composition, simply reducing the Vcu levels in the CuOx thin films, thus improving the switching characteristics of the p-type TFT. In the modified CuOx TFT, the SS was 0.70 V/decade, the Ion/I o was~4.9×10 4 , and the µ FE was~2.8 × 10 −3 cm 2 V −1 s −1 . Figure 8 shows the transfer characteristics of the CuOx TFT with HClO treatment.
In 2019, Reker et al. reported p-channel TFTs formed by CuO nanoparticles with a diameter of 25-55 nm dispersed in a water-based solution [60] . The semiconductor layer with CuO nanoparticles was deposited by doctorblade process (DBP) under ambient conditions, showing encouraging electrical performance. The gate dielectric using a high-κ organic-inorganic nanocomposite was deposited by spin-coating. The effects of gold and nickel electrodes with the treatment of 2,3,4,5,6 Pentafluorothiophenol, respectively, were investigated. It was demonstrated that the electrode treatment reduced the contact resistance between metal contacts and semiconductor CuO nanoparticles and then improved the operating voltage.
Details of the described studies on p-type copper oxide TFTs were summarized in Table 1 .
Tin oxide TFTs
In 2008, Ogo et al. reported the first p-type TFT based on SnO grown epitaxially on (001) yttria-stabilized zirconia (YSZ) substrate by PLD at 575 ∘ C [43] . The V th , µ FE and Ion/I o were determined to be 4.8 V, 1.3 cm 2 V −1 s −1 and 10 2 , respectively. The TFT device was operated in depletion mode. The small Ion/I o was attributed to the high off-state current, which was associated with the large hole density (>10 17 cm −3 ) in the SnO channel. Figure 9 shows the structure and characteristics of the first p-type SnO TFT.
Unlike the PLD that required high temperature, in 2010, Fortunato et al. reported high-performance p-type SnOx TFT by RFMS, followed by annealing at 200 ∘ C in air atmosphere [61] . The as-deposited films were amorphous but changed to polycrystalline comprising a mixture of tetragonal β-Sn and α-SnOx phases after post-annealing. Metallic behavior was observed for Opp < 5%, but converted into n-type semiconductor behavior for Opp > 15%. [63] . Figure 10 shows the schematic phase classification of SnO-SnO 2 films deposited with different sputtering, annealing and capping conditions. It was found that the oxidation of the SnO films decreased hole density and finally produced n-type SnO 2 , thus proposing a simple method for selective formation of p-and n-channel TFTs by a single annealing step for producing oxide TFT complimentary circuits. In 2011, Nomura et al. first reported SnO TFT with ambipolar operation by PLD and its application to a complementary-like inverter [64] . The ambipolar operation could be attributed to the reduction of trap states caused by reducing the channel thickness. The µ sat values of~0.81 cm 2 V −1 s −1 and~5(10 −4 cm 2 V −1 s −1 , respectively, for p-and n-channel operation were obtained. A CMOS-like inverter was built by combining two ambipolar SnO TFTs, showing voltage gain value of~2.5.
In 2012, Okamura et al. demonstrated the first solutionprocessd p-type SnO TFT [65] . The SnO thin film was fabricated by spin-coating a precursor solution followed by post annealing. The TFT showed a µ FE of 0.13 cm 2 V −1 s −1 , a V th of −1.9 V and an Ion/I o of 85. The successful fabrication of solution-processed p-type SnO and functional devices significantly expands the variety of solutionprocessed applications. In 2013, Caraveo-Frescas et al.
demonstrated nanoscale fully transparent p-type SnO
TFTs at temperature as low as 180 ∘ C with a record µ FE of 6.75 and 5.87 cm 2 V −1 s −1 for transparent rigid and translucent flexible substrates, respectively [66] . The Opp and deposition pressure were optimized during the deposition process. A detailed phase map for nanoscale physical vapor deposition of SnO has been developed for the first time, as shown in Figure 11 . The results showed that the device performance was greatly improved by the control of SnO phase formation. The mix phase with small traces of β-Sn in a matrix of SnO exhibited better Hall mobility as compared to pure phase SnO. However, the high SS ranged from 7.63 to 10 V/decade indicated a high density of trap states in the semiconductor and/or at the interface with the dielectric, which needed to be optimized for further performance enhancements.
In 2014, Lee et al. developed a p-type SnO TFT using low-cost vacuum thermal evaporation (VTE) method combined with thermal annealing and oxygen plasma treatment [67] . An uncommonly high µ FE of 5.59 cm 2 V −1 s −1 was achieved in this p-type SnO TFT by optimization of post-deposition treatment, providing a solution for low-cost high-performance TFT technology. However, the Ion/I o was just~50, which was still needed improvement for practical application.
To evaluate the reliability of p-type SnO TFTs, in 2014, Chiu et al. investigated the gate-bias stress stability of ptype SnO TFTs [68] . The TFT device showed a µ FE of 0.24 cm 2 V −1 s −1 , a V th of 2.5 V, a SS of 2 V/decade and an Ion/I o of 10 3 . It was found that the V th was shifted with the same polarity as the stress voltage under gate-bias stress, while the µ FE and SS remained almost unchanged. This phenomenon could be ascribed to charge trapping at the interface between the active layer and the gate dielectric or at the gate dielectric near the interface, which was the dominant factor for the instability of the SnO TFTs.
In 2015, Zhong et al. proposed p-type SnO DG-TFTs with double-gated structure, achieving excellent performances under the DG mode, including a high µ FE of 6.54 cm 2 V −1 s −1 , a low SS of 143 mV/decade and a high Ion/I o of >10 5 [69] . The top and bottom gates can be biased independently (single-gated mode) or jointly to switch the device (DG mode). The TFT device under the operation of DG mode exhibited great improvements in the on-state current and mobility as compared to that under the operation of BG and TG modes, which could be attributed to the accumulated carriers in the middle of the channel induced under the DG mode of operation, thus suffering less surface scattering. Besides, it was demonstrated that the transfer characteristics of the SnO TFT under single-gated mode were tunable with the bias applied to the opposite gate. Figure 12 shows the transfer characteristics of the ptype SnO TFT in the dark and under light illumination at red/green/blue (RGB) wavelengths. Additionally, µ FE decreased from 5.6 to 3.9 cm 2 V −1 s −1 , when decreasing the wavelength of the illumination from the red-light to the blue-light. The results showed the proposed p-type SnO TFT device was very beneficial for the detection of the bluelight radiation hazard.
Furthermore, in 2016, Chen et al. proposed an easy approach of a channel surface treatment by oxygen plasma to achieve the bipolar conduction mechanism in SnO TFTs [71] . With increasing the exposure time of oxygen [70] plasma, excess oxygen was incorporated to the channel layer and converted oxygen-deficient SnOx to oxygen-rich SnO 2−x , which in turn caused the device operation from p-type to n-type. Figure 13 shows the transfer characteristics of SnO TFTs with bipolar conduction under oxygen plasma treatment on the channel layer with different exposure time. The optimal p-type SnO TFT with the oxygen plasma treated on the channel layer at 100 W for 15 s showed an Ion/I o of >10 4 , a µ FE of 2.14 cm 2 V −1 s −1 and a V th of −1.05 V. To investigate the mechanism, the effects of oxygen plasma treatment on band structure, density of states and electron density difference of the SnOx channel [71] layer were performed by the first-principles calculation using density functional theory by Chiu et al. in 2017 [72] . The p-type SnOx TFT without the oxygen plasma treatment exhibited an Ion/I o of 4.25×10 3 , a µ FE of 6.11 cm 2 V −1 s −1 and a V th of −0.32 V. With the oxygen plasma treatment on the SnOx channel layer, excess reacted oxygen was incorporated to the channel, leading to n-type operation. For the SnO, the energy proximity of the Sn 5s and O 2p states results in equal contributions to the VB edge. However, for the SnO 2 , the CB is predominated by the Sn 5s orbitals and the VB by the O 2p orbitals. The first-principles calculation Figure 14 : Transfer characteristics of p-type NiO TFT [82] revealed that the oxygen plasma treatment changed the inner energy of SnOx crystal. In the same year, Chen et al. also demonstrated p-type and n-type SnO TFTs on flexible polyimide (PI) substrate by using simple one-mask channel pattern process and low-temperature oxygen plasma treatment on the channel layer [73] . For the flexible p-type SnO TFT device, a high Ion/I o of 5.7×10 5 and a high µ FE of 10.7 cm 2 V −1 s −1 were achieved simultaneously. It showed high potential for achieving n-type and p-type TFTs under the same simple device process, which is of great importance for process simplification of CMOS devices.
Apart from oxygen plasma treatment, in 2017, Chen et al. proposed another approach of fluorine plasma treatment on the SnO channel layer to improve the performances of p-type SnO TFTs [74] . The fabricated p-type SnO TFT with the channel layer treated by the fluorine plasma exhibited a very high Ion/I o of 9.6(10 6 , a µ FE of 2.13 cm 2 V −1 s −1 , a very low SS of 106 mV/decade and an extremely low off-state current of 1 pA, with a V th of −0.92 V. These good properties could be ascribed to the fluorine plasma treatment on p-type SnO channel that reduced crystallized channel roughness and passivated oxygen vacancies and interface traps. Recently, the effects of plasma fluorination in p-type SnO TFTs were modeled and simulated by Rajshekar et al. [75] . The model and simulation indicated that the significant improvement in device performance could be attributed to fluorine plasma that suppressed the interface trap density and reduced the acceptor-like Gaussian states. Moreover, in 2017, Chen et al. also demonstrated an Al-doped SnO TFT with p-type conduction due to the substitution reactions of Al 3+ -Sn 4+ , which produces hole carriers in the Al-doped SnO channel layer [76] . The fluorine plasma was also treated on the Aldoped SnO channel layer with different conditions. The op-timal TFT device exhibited a very high Ion/I o of 2.58 (10 6 and a low SS of 174 mV/decade, which can be ascribed to the passivation effect of the plasma fluorination on the dominant donor-like traps at the channel/dielectric interface. In addition, in 2017, Bae et al. demonstrated a highperformance p-type SnO TFT using argon plasma surface treatment [77] . As compared to the device without argon plasma surface treatment, the device with argon plasma treated on the channel layer for 20 s exhibited a very high Ion/I o of 5.2×10 6 , a very low off-state current of 1.2×10 −12 A and a low SS of 0.99 V/decade. Different from the MS and PLD methods mentioned above, which are commonly used for the deposition of the SnO channel layer, ALD is another thin film growth technique based on a self-limiting mechanism, which can keep the physical and chemical properties unchanged. In 2017, Kim et al. demonstrated a p-type TFT with the SnO channel deposited by ALD at 210 ∘ C and annealed at 250 ∘ C to increase the crystal quality [78] . The back-channel surface of the SnO active layer was passivated by an Al 2 O 3 layer, which effectively reuded the defect states and hole carriers near the surface. This p-type SnO TFT exhibited a high Ion/I o of 2×10 6 , a SS of 1.8 V/decade and a µ FE of~1 cm 2 V −1 s −1 .
In 2018, Guan et al. proposed the first p-type phototransistor based on SnO thin film [79] . A layer of hybrid perovskite CH 3 NH 3 PBI 3 (MAPbI 3 ) was deposited on the SnO channel layer to enhance the device performances. As a result, the phototransistor behavior was notably changed. The Ion/I o increased from 519 to 2.7×10 3 and the µ FE increased from 3.46 to 5.53 cm 2 V −1 s −1 . These significant improvements were achieved due to the favorable band alignment and charge transfer between the photoactive MAPbI 3 and the SnO channel. In 2019, Barros et al. investigated the role of structure and composition on the performances of p-type SnOx TFT processed at low temperature up to 200 ∘ C [80] , which was very beneficial for fully transparent CMOS either on rigid or flexible substrates. The TFTs exhibited an Ion/I o of 7×10 4 and a µ sat of 4.6 cm 2 V −1 s −1 .
Details of the described studies on p-type tin oxide TFTs were summarized in Table 2 .
Nickel oxide TFTs
In 2008, Shimotani et al. demonstrated the first p-type electric double-layer (EDL) field-effect transistor using NiO single-crystal as the channel [81] . The transistor showed a µ FE of 1.6×10 −4 cm 2 V −1 s −1 and an Ion/I o of 130, suggesting that the ability of EDL transistor to accumulate a high carrier density might be useful in future investiga- Figure 14 shows the transfer characteristics of the p-type NiO TFT. By controlling the annealing time, the upper parts of the Ni films were clearly oxidized and the lower parts in contact with the gate dielectric were partially oxidized to form a quasi-discontinuous Ni layer, which contributed to the high mobility of this TFT.
In 2014, Liu et al. reported a solution-processed ptype NiOx TFT. The NiOx film was formed via spin-coating the precursor solution onto the substrate, followed by annealing at 275 ∘ C for 1 h [83] . However, the p-type NiOx TFT only exhibited a µ FE of 0.141 cm 2 V −1 s −1 . In 2015, Chen et al. investigated the effects of the growth temperature and gas flow ratio on the electrical properties of sputtered NiO films and fabricated the corresponding ptype NiO TFTs [84] . It was found that the p-type NiO TFT showed a µ sat of 0.05 cm 2 V −1 s −1 , a V th of −8.6 V, a SS of 2.6 V/decade and an Ion/I o of 10 3 . It should be noted 
Miscellaneous applications of p-type oxide TFTs
Displays
The most significant application of oxide TFTs is on displays, including liquid crystal displays (LCDs) and organic light-emitting diodes (OLEDs). Both LCDs and OLEDs re-quire a backplane drive to control light to form patterns in a controlled manner [88] . The driving mode can be divided into passive-matrix (PM) driving and active-matrix (AM) driving. Active-matrix driven display is the main driving technology for high-performance display at present, which uses TFT devices as the pixel switches. Currently, many companies and teams are working on oxide TFTs for demonstrating flexible and transparent displays. However, the driven oxide TFTs are almost n-type, since the highperformance n-type oxide TFTs have been achieved. Developing high-performance p-type oxide TFTs comparable with n-type oxide TFTs will definitely promote a new era for flat-panel display, because p-type oxide TFTs have the advantage over n-type ones, supplying hole current for the anodes of OLEDs without affecting the drain current in saturation mode [62] .
Oxide CMOS
CMOS technology has been widely applied to integrated circuits due to its low power consumption, low wasteheat generation, high noise margin, high logic swing output, high circuit-integration density and simple architecture [89] . A basic CMOS inverter requires both ntype and p-type field-effect transistors. In the past few years, oxide-based TFTs have attracted much attention, due to high carrier mobility, high optical transparency, low temperature process and CMOS compatibility, and become potential candidates for the new-generation highperformance transparent and flexible electronics applications. Although n-type oxide-based TFTs, such as indiumgallium-zinc-oxide (IGZO) TFTs, have been widely researched and even some of them have been commercialized, p-type oxide-based TFTs are still far behind. Therefore, due to the lack of high-performance p-type oxide TFTs, most reported oxide logic inverters were based on pure n-type or p-type oxide TFT technology or hybrid tech-nology with the incorporation of p-type organic TFT [90] [91] [92] . Recently, with the development of p-type oxide TFTs, a few fully oxide CMOS inverters, based on n-type oxides such as In 2 O 3 [93] , SnOx [64, 94] , ZnO [95, 96] , IGZO [97] [98] [99] [100] [101] [102] [103] , and p-type CuOx [97] , SnO [95, 96, [98] [99] [100] [101] [102] [103] [104] , have been demonstrated. Among these p-type oxides, SnO has been considered as the most promising p-type oxide due to its high stability in air, good uniformity for large-scale fabrication and high µ FE in comparison to CuOx. Besides inverters, various oxide-based CMOS circuits, including NAND, NOR, XOR and transmission gates and ring oscillators, have been also reported. In 2008, Dhananjay et al. reported the first fully oxidebased CMOS inverters by combining a p-type SnO 2 TFT and an n-type In 2 O 3 TFT with the channels formed by reactive evaporation (EVA) process [93] . This inverter operated fairly at high operating voltages and exhibited an output gain of~11.
In 2010, Yabuta et al. reported the sputtering formation of both p-type SnO and n-type SnO 2 TFTs on the same substrate by employing SiOx capping layers and post thermal annealing to control the oxidation [63] . The oxidation of SnO film decreased the hole density and thus produced n-type SnO 2 , while the capping layer suppressed oxygen penetration during the annealing and thus protected ptype SnO. A conceptual design of a CMOS inverter based on this simple method for selective formation of p-type and n-type TFTs by a single annealing step was presented, as shown in Figure 15 . The similar conceptual design of SnOxbased CMOS inverter using simple one-mask channel pattern process was also proposed by Chen et al. in 2017 [73] . With the one-mask channel pattern process, the uncovered p-type SnO film could be converted to n-type SnO 2 by oxygen plasma treatment, achieving an inverter consisting of both p-type SnO and n-type SnO 2 TFTs on the same substrate.
In 2011, the first ambipolar oxide TFT using a SnO channel was proposed and an oxide CMOS inverter configured by two amipolar SnO TFTs were demonstrated by Nomura et al. [64] . The p-type and n-type SnO TFTs exhibited the mobilties of 0.8 and 5×10 −4 cm 2 V −1 s −1 , respectively, and the inverter showed a maximum output gain of 2.5. It was the first demonstration of a CMOS circuit using a single oxide semiconductor channel, providing an important step toward practical oxide electronics.
Similarly, in 2014, Nayak et al. reported an oxide CMOS inverter using a single-step deposition of the SnO channel layer [94] . The p-type SnO and n-type SnO 2 films were simultaneously achieved by using ALD-Al 2 O 3 and solutionderived (SD)-Al 2 O 3 as the dielectrics. The formation of SnO 2 could be due to the large number of hydroxyl groups in the SD-Al 2 O 3 , which acted as an additional oxygen source. In the following year, Wang et al. from the same group reported another approach of converting SnO to SnO 2 phase with low-temperature annealing by using a dual active layer of Cu 2 O/SnO [104] . The use of the Cu 2 O capping layer regulated the oxidation of the exposed surface of SnO and controlled oxygen diffusion into the underlying SnOx film. The CMOS inverter based on this approach achieved a maximum gain of~4.
Since oxide semiconductors have been regarded as one of the most promising candidates for flexible electronics, a few fully oxide-based CMOS inverters have been successfully demonstrated on flexible substrates. In 2011, Dindar et al. reported a vertically stacked inverter comprised of a p-type CuOx TFT and an n-type IGZO TFT on a flexible polyethersulfone (PES) substrate [97] , as shown in Figure 16 . This vertical structure yielded a high gain value of 120. In the same year, Martins et al. reported a CMOS inverter using paper as both substrate and dielectric [103] . This paper inverter used SnOx (x<2) and IGZO as p-type and n-type channels, respectively. Although the CMOS device showed a high leakage current, it was not surprising given the advance from a rigid substrate to paper. This oxide-based paper-CMOS creates an opportunity for light weight, low cost and green electronics applications. The details of this paper-CMOS can be found in the paper presented in 2013 [98] [101] , which was very crucial for integrated circuits. Based on the oxide inverters, various oxide CMOS circuits, including NAND, NOR, XOR and transmission gates and ring oscillators were demonstrated and analyzed. These results indicate that fully oxide-based CMOS technology has great potential in future applications of large-scale flexible and transparent integrated circuits. Table 4 summarized the performances of the reported oxide CMOS inverters.
Sensing
With the development of TFT technology, oxide-based TFTs, whether n-type or p-type, have found their usage in numerous new emerging applications, such as X-ray detection [105, 106] , blue-light radiation hazard detection [70] , memory devices [107] , chemical sensing [108, 109] , biochemical sensing [110] and biological sensing [111] . For most of sensing applications, the TFT array substrate is integrated with a sensor layer, which produces an electrical signal correspondingly and in turn transmits to TFTs. So far, many studies of TFT-based sensors have been performed in the field of physical, chemical and biochemical sensing. For example, flat-panel X-ray detectors for medical diagnoses [105] , resistive pressure sensors for TFT touch screens [112] , uncooled infrared sensors for infrared radiation sensing [113, 114] , gas sensors related to the environment [108, [115] [116] [117] have been developed and realized. Recently, the possibility of TFT array substrates as new tools for electrical experiments on biological cells has been investigated [111, 118] . Although most TFT biosensors are based on organic TFT technology, the TFTs using oxide semiconductors with high mobility for biological applications are also under investigation.
Current issues and challenges of p-type oxide TFTs
In the past decades, enormous progress has been achieved in the research field of p-type oxide-based TFTs. However, there are still some issues and challenges as follows:
(i) The process temperature is an important factor for the mass-production of TFTs, especially for those on flexible plastic substrates. Although several lowtemperature approaches have been successfully employed to fabricate n-type oxide films, they remain difficult to be applied in p-type oxides. (ii) In order to realize novel large-area and cost-effective applications, such as foldable and printable displays, disposable smart labels and smart packaging, vacuum processing technology needs to be replaced by continuous processes with higher throughput. (iii) Even though significant progress has been made, the p-type TFT devices can still hardly yield performance levels similar to their n-type counterparts, which have entered volume production in the display market. In terms of future research directions, several key areas need to be addressed, including high off-state current, high interfacial defect/states and low mobility. (iv) Although some computer-based material design simulations have been performed and reported [119] [120] [121] [122] [123] [124] , more computational studies should be carried out to find potential p-type oxide materials with intrinsically higher hole mobility and the ease of ptype doping. In addition, by combining TCAD models with experimental data of the TFT devices [75, [125] [126] [127] [128] [129] , we can better understand the mechanisms of electrical performance improvement in TFT devices, such as defects, doping and band dispersion.
The computer simulations can also make the design process more efficiently and economically.
Conclusions
To summarize, the last decade has witnessed enormous progress in p-type oxide-based semiconductors and related opto/electronic devices. In this review, we have illustrated and discussed the material performances of Cu-based oxides, Sn-based oxides and Ni-based oxides for p-type TFT applications. These oxide TFTs, in principle, have significant potential in many applications that were discussed, including low-power electronics, transparent/flexible electronics, high-performance display applications, etc. Concerning the work developed so far, in the three promising candidates for p-type oxide TFTs, the copper oxide and tin oxide based semiconductors show moderate mobility values, clearly suggesting that there is further room to optimize their µ FE . This means that better materials design strategies and deposition processes are needed to improve the performances of these two p-type oxide semiconductors. In contrast, the µ FE of most nickel oxide based TFTs is lower than expected due to the special electronic structure. However, it has been proposed that the hole transport limitation can be effectively improved by intentionally doping extrinsic atoms. So far, for the p-type Cu 2 O TFTs, the best results obtained are with the µ FE of 5.6 cm 2 V −1 s −1 and Ion/I o of the order of 10 6 , and for the ptype SnO TFTs with the µ FE of 10.7 cm 2 V −1 s −1 and Ion/I o of the order of 10 7 .
Although the performance of SnO and CuO based TFTs is very promising among the p-type oxide TFTs, there are still some important issues needed to be solved for further performance improvement. Firstly, higher mobility can be achieved by optimizing the semiconductor/dielectric interface to reduce the density of defective traps. Secondly, more appropriate and better processing techniques for different high-quality layers can be adopted to control the material growth process accurately. Last but not least, the investigation of bipolar semiconductors should be given more research attention. It is of great significance to realize compact CMOS devices and power-efficient transparent circuits through a simple fabrication process.
Even though there is still much work to be done, the speed of developments in this field has undergone in the last years, which indicates that p-type oxide-based TFT technology will play a key role in future's electronic scenario. It would usher in an era of transparent electronics that could affect many facets of our daily lives, probably faster than you can imagine.
